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Class I membrane fusion proteins have been described in viruses in which the envelope proteins are derived from a precursor
polyprotein containing two transmembrane glycoproteins arranged in tandem. Although the second protein, which carries the
membrane fusion function, is in general well characterized, the companion protein, which is a protein chaperone for the folding
of the fusion protein, is less well characterized for some viruses, like hepatitis C virus (HCV). To investigate the role of the class
IT companion glycoprotein E1 of HCV, we chose to target conserved cysteine residues in the protein, and we systematically mu-
tated them in a full-length infectious HCV clone by reverse genetics. All the mutants were infectious, albeit with lower titers than
the wild-type virus. The reduced infectivity was in part due to a decrease in viral assembly, as revealed by measurement of intra-
cellular infectivity and by quantification of core protein released from cells transfected with mutant genomes. Analyses of mu-
tated proteins did not show any major defect in folding. However, the mutations reduced virus stability, and they could also af-
fect the density of infectious viral particles. Mutant viruses also showed a defect in cell-to-cell transmission. Finally, our data
indicate that HCV glycoprotein E1 can also affect the fusion protein E2 by modulating its recognition by the cellular coreceptor

CD81. Therefore, in the context of HCV, our data identify an additional function of a class II companion protein as a molecule

that can control the binding capacity of the fusion protein.

Hepatitis C virus (HCV) infection is a major public health
problem, with as many as 160 million people infected world-
wide (1). The virus has a high propensity to establish a persistent
infection in the human liver. HCV primarily infects human hepa-
tocytes, which over time leads to chronic inflammation, progres-
sive fibrosis, and development of hepatocellular carcinoma. Re-
cent improvements in the standard of care therapy, now a
combination of pegylated interferon, ribavirin, and an inhibitor of
HCV protease NS3/4A, have raised the hope that HCV infection
can be managed efficiently in countries with adequate medical
infrastructure. However, further improvements in antiviral ther-
apy are still needed, and the development of a prophylactic vac-
cine would be of high value in countries where prevalence is ele-
vated.

HCV is a small enveloped virus classified in the genus Hepaci-
virus within the family Flaviviridae. Its positive-strand RNA ge-
nome encodes a single polyprotein that is processed by cellular
and viral proteases into 10 mature proteins (2). Cleavage of the
viral polyprotein by a cellular signal peptidase gives rise to the
envelope glycoproteins E1 and E2, which play a crucial role in
HCV entry into host cells (reviewed in reference 3). Three classes
of viral membrane fusion proteins have been described so far (4),
and HCV has been proposed to contain a class II fusion protein
(5). Class II proteins have been described in viruses in which the
envelope proteins are derived from a precursor polyprotein con-
taining two transmembrane glycoproteins arranged in tandem
(4). The first glycoprotein acts as a companion chaperone for the
folding of the second one, which carries the membrane fusion
function. As for other class II viruses, HCV envelope glycopro-
teins assemble as a noncovalent heterodimer within the endoplas-
mic reticulum (ER) (6). Within the E1E2 complex, E2 is currently
the better characterized subunit. Indeed, the glycoprotein is con-
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sidered the major target of neutralizing antibodies, and it is also
the receptor-binding protein, which has been shown to interact
with CD81 tetraspanin and scavenger receptor BI (SRBI1), two
HCV coreceptors (reviewed in reference 7). Finally, E2 has also
been proposed to be an HCV fusion protein (5). In contrast, the
role of the E1 companion subunit in HCV remains poorly defined.
However, E1 has also been proposed to be involved in the fusion
process (8,9, 10).

The structure of HCV envelope glycoproteins is stabilized by
intramolecular disulfide bridges (5, 11, 12). Proteins that traverse
the secretory pathway, like HCV envelope glycoproteins, acquire
disulfide bonds while they fold in the ER (13). Disulfide bonds are
considered essential for folding stability and/or for the structure
and function of mature proteins. This explains why the disulfide-
bonded structure of proteins is usually conserved across species
and within protein families. Viral glycoproteins involved in virus
entry into host cells need to change conformation at different
steps of the viral life cycle (14). For this reason, disulfide bonds
within these proteins are even more important to keep them func-
tional. For instance, all 18 conserved cysteine residues of HCV
glycoprotein E2 are absolutely required for the production of in-
fectious virus (15). Similarly, 8 of the 10 strictly conserved disul-
fide bonds are essential for the function of HIV-1 envelope glyco-
protein (16). Although disulfide bonds have been shown to be
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essential for the functions of the E2 subunit, nothing is known
about the role of cysteine residues in its E1 partner. The glycopro-
tein possesses eight cysteine residues within its ectodomain, which
are fully conserved across the seven genotypes. The disulfide ar-
rangement of these eight cysteines has not yet been determined.
This is mainly due to difficulties in expressing E1 alone in suffi-
cient quantity for biochemical characterization (17).

Here, we investigated the role of the class II companion glyco-
protein E1 of HCV in the context of the viral life cycle. We chose to
target conserved cysteine residues in the protein, and we system-
atically mutated them in the context of a full-length infectious
HCYV clone by reverse genetics. The mutations were analyzed for
their effects on HCV glycoprotein folding, on viral particle assem-
bly/release, and on virus entry. All the mutants were infectious,
albeit with some level of attenuation, which is in part due to alter-
ation in virus assembly. The mutations reduced virus stability, and
they could also affect the density of infectious viral particles. These
mutants also showed some defect in cell-to-cell transmission. Fi-
nally, all these mutations induced better accessibility of the CD81
binding site on E2 glycoprotein present on the virion, indicating
that E1 controls the structure and function of E2 on the surface of
the HCV particle.

MATERIALS AND METHODS

Sequence analyses and structure predictions. Sequence analyses were
performed using the website tools of the European HCV database
(euHCVdDb) (18) and network protein sequence analysis (NPSA) (19),
available at the Institut de Biologie et Chimie des Protéines. Multiple-
sequence alignments and amino acid conservation analysis were car-
ried out with the ClustalW program using default parameters (20).
Various methods were combined for the prediction of membrane
binding sequences as follows: DAS (21), HMMTOP (22), TMpred
(23), TMHMM (24), Top-Pred (25), and SOSUI (26).

Cell culture. The cell-based fluorescent-reporter system, which allows
sensitive distinction of individual HCV-infected cells of the Huh7-RFP-
NLS-IPS hepatoma cell line, was generated as described previously (27).
This cell line and the parental Huh-7 hepatoma cell line (27, 28) were
grown in Dulbecco’s modified essential medium (DMEM) (Invitrogen)
supplemented with 10% fetal calf serum.

Antibodies. Anti-HCV monoclonal antibodies (MAbs) A4 (anti-E1)
(29) and 3/11 (anti-E2; kindly provided by J. A. McKeating, University of
Birmingham, Birmingham, United Kingdom [30]) were produced in vitro
by using a MiniPerm apparatus (Heraeus) as recommended by the man-
ufacturer. The anti-NS5A MAb 9E10 (31) and a polyclonal antibody were
kindly provided by C. M. Rice (Rockefeller University, New York, NY)
and M. Harris (University of Leeds, Leeds, United Kingdom), respec-
tively. Anti-ApoE antibody was from EMD Millipore. Secondary antibod-
ies used for immunofluorescence were purchased from Invitrogen.

Mutagenesis and production of viruses. The virus used in this study
was based on the JFH1 isolate (genotype 2a; GenBank accession number
AB237837) (32), kindly provided by T. Wakita (National Institute of In-
fectious Diseases, Tokyo, Japan). Mutations were introduced in a modi-
fied version of the plasmid carrying the full-length JFH-1 genome. This
virus contains mutations at the C terminus of the core protein leading to
amino acid changes F172C and P173S, which have been shown to increase
viral titers (33). Furthermore, the N-terminal E1 sequence encoding res-
idues 196TSSSYMVTNDC has been modified to reconstitute the A4
epitope (SSGLYHVTNDC), as described previously (34). Cysteine mu-
tants were generated by site-directed mutagenesis with the Quik-change
system according to the manufacturer’s instructions (Invitrogen, Strat-
agene, La Jolla, CA). Cysteine residues were replaced by alanines. The
restriction enzyme Xbal was used to linearize plasmids encoding viral
RNAs. The linearized plasmids were then treated with mung bean nu-
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clease (New England BioLabs) with the aim of obtaining blunt-ended
DNA. For in vitro transcription, 1 g of linearized DNA was transcribed
using the Megascript kit according to the manufacturer’s protocol (Am-
bion). The in vitro transcription reaction mixture was set up and incu-
bated at 37°C for 4 h, and transcripts were precipitated by the addition of
equal volumes of LiCl and nuclease-free water. The mixture was chilled at
—20°C for 30 min and then centrifuged at 4°C for 15 min at 14,000 X g.
The supernatants were then removed, and the RNA pellets were washed
with 70% ethanol and resuspended in RNase-free water. The nonreplica-
tive control of the HCV genome (GND) contained a GND mutation in the
NS5B active site, as previously reported (32). The assembly-deficient con-
trol of HCV (AE1E2) containing an in-frame deletion introduced into the
E1E2 regions of constructs was as previously described (32).

Immunofluorescence. Huh-7 cells electroporated with the wild type
(WT) and E1 mutants were grown on 12-mm coverslips. After 48 h, the
cells were washed twice with 1X phosphate-buffered saline (PBS) and
then fixed with cold methanol (100%) for 5 min or 3% paraformaldehyde
(PFA) for 20 min. The PFA and methanol were removed by washing the
cells twice with 1X PBS. The cells were then blocked with 10% goat or
horse serum for at least 10 min, followed by washing with 1X PBS. The
primary anti-NS5A antibody (31) was diluted in goat serum/horse serum,
and the coverslips were incubated with antibodies at room temperature
for 25 min. The cells were washed 3 times in PBS and incubated for 5 min
between washes. The secondary antibody was diluted in goat serum/horse
serum (1:800), and coverslips were incubated with the peroxidase-conju-
gated antibody for 20 min. The cells were washed again with 1X PBS.
Nuclei were stained with DAPI (4',6-diamidino-2-phenylindole). The
coverslips were mounted on glass slides using 30 .l of mounting medium
(Mowiol 4-88; Calbiochem). The slides were finally observed under a
fluorescence microscope.

Fifty percent tissue culture infective dose (TCID,,) infectivity as-
says. Viruses were harvested at different times following electroporation
as described previously (33), and the supernatants were used to infect
naive Huh-7 cells for 48 h. The infected cells were then fixed with ice-cold
methanol (100%) and immunostained with anti-NS5A antibody using
MAD 9E10 or sheep anti-NS5A antiserum.

Intracellular infectivity assay. Supernatants containing extracellular
virus were harvested 72 h after electroporation, and cell debris was re-
moved by centrifugation for 5 min at 10,000 X g The cells were washed
with PBS, harvested by treatment with trypsin, and pelleted at 100 X g for
5 min. The cell pellets were resuspended in complete medium and me-
chanically lysed in a Dounce homogenizer (30 strokes). The cell lysates
were clarified by centrifugation at 10,000 X g for 5 min. Supernatants
containing extracellular or intracellular virus were collected and used for
infection of naive cells.

Stability assays. Viruses were harvested 72 h following electropora-
tion (33). Virus in culture medium was then dispensed in 100- .l aliquots
in 1.5-ml microcentrifuge tubes and then incubated at 37°C. At desig-
nated time points, aliquots were removed and subjected to TCID5, infec-
tivity assays for virus titration.

Equilibrium density gradient analysis. Viruses were harvested 72 h
following electroporation as described previously (33). Approximately 55
ml of virus supernatants was precipitated using polyethylene glycol (PEG)
6000 to a final concentration of 8%. The mixture was shaken for 1 h on ice,
centrifuged at 8,000 rpm (Beckman JA10 rotor) for 25 min, and then
resuspended with 1 ml sterile PBS. Before loading, the virus was once
again centrifuged for 5 min at 5,000 X g to remove insoluble materials.
Continuous 10 to 50% iodixanol gradients were formed by equal-volume
steps of 10 to 50% iodixanol solutions in sterile PBS (at 5% increments)
and incubation at 4°C for 4 h. The concentrated virus was then loaded
onto the top of the gradient. The gradients were spun for 16 h at 36,000
rpm in an SW41 rotor (Beckman) and fractionated from the top. Follow-
ing centrifugation, 11 fractions of 1 ml each were analyzed for their infec-
tivity (100-pl sample). Fraction densities were also determined.
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HCV core quantification. HCV core was quantified by a fully auto-
mated chemiluminescent microparticle immunoassay according to the
manufacturer’s instructions (Architect HCVAg; Abbott, Germany) (35,
36). Electroporated Huh-7 cells were lysed in PBS lysis buffer (1% Triton
X-100, 20 mM N-ethylmaleimide [NEM], 2 mM EDTA, protease inhibi-
tor cocktail; Roche). The lysates were then cleared by centrifugation for 15
min at 14,000 X g. The supernatants were also harvested to obtain the
extracellular core protein. Intracellular, as well as extracellular, core quan-
tities were then determined.

Western blotting. Cells were lysed in 1X PBS lysis buffer (1% Triton
100-X, 20 mM NEM, 2 mM EDTA, protease inhibitor cocktail; Roche).
The cell lysates were then precleared by centrifugation at 14,000 X gfor 15
min at 4°C. Protein samples were heated for 7 min at 70°C in Laemmli
sample buffer. Beta-mercaptoethanol was added to the Laemmli buffer
only at a working concentration of 100 mM for reducing SDS-PAGE
conditions. Following separation with SDS-PAGE, the proteins were
transferred onto nitrocellulose membranes (Hybond-ECL; Amersham)
using a transblot apparatus and revealed with specific antibodies. The E1
and E2 glycoproteins were detected with MAb A4, since its epitope has
been reconstructed into the JFH1 genome, and rat MAb 3/11, which rec-
ognizes a conserved epitope in E2, respectively. Following incubation with
primary antibodies, the membranes were incubated with the correspond-
ing peroxidase-conjugated anti-species antibodies at 1/5,000 (anti-rat
[Jackson] and antirabbit [Amersham]) or 1/10,000 (anti-mouse [Dako])
dilution. E1 and E2 proteins were revealed by enhanced chemilumines-
cence (ECL) (Amersham) as recommended by the manufacturer.

CD81 pulldown assay. Cells were lysed in 1X PBS lysis buffer (1%
Triton X-100, 20 mM NEM, 2 mM EDTA, protease inhibitor cocktail;
Roche). The cell lysates were then cleared by centrifugation at 14,000 X g
for 15 min at 4°C. Glutathione-Sepharose beads (glutathione-Sepharose
4B; Amersham Bioscience) (37) were washed twice with cold PBS to re-
move the storage buffer. For each cell lysate sample, 50 .l of glutathione
beads was incubated with 10 pg of human CD81 (hCD81)-large extracel-
lular loop (LEL)—glutathione S-transferase (GST) recombinant protein in
1 ml cold PBS for 2 h at 4°C. Following incubation, the glutathione-
Sepharose beads were washed with cold PBS. Cell lysate samples contain-
ing E1E2 proteins were then incubated with CD81 complexed with gluta-
thione beads overnight at 4°C. The following day, the beads were washed
five times with cold PBS and 0.1% Triton X-100. Finally, the beads were
resuspended in 30 wl of reducing Laemmli buffer (200 mM Tris-HCI, pH
6.7, 0.5% SDS, 10% glycerol) containing 100 mM beta-mercaptoethanol
for reducing conditions. Samples were boiled and loaded onto 12% SDS-
PAGE, followed by Western blotting to reveal the target protein.

CD81 inhibition assays. Ten micrograms of HCV RNA was electro-
porated into Huh-7 cells as described previously (33). Viruses were pre-
incubated with human or murine CD81-LEL for 2 h at 37°C. The viruses
were then put in contact with Huh-7 cells. After 3 h of contact, the cells
were further incubated for 48 to 72 h with complete medium. The
cells were immunolabeled, and the infected cells were counted. The con-
centrations resulting in 50% inhibition were then determined.

Analysis of sensitivity to pH treatment. Huh-7.5 cells were treated
with bafilomycin Al (25 nM) for 1 h at 37°C and then infected with WT
JFH-1 or mutant viruses in the presence of bafilomycin Al for 2 h at 4°C.
After 2 h, the cells were sequentially washed with cold phosphate-buffered
saline and with citric acid buffer, pH 7 or pH 5, for 5 min at 37°C. Infected
cells were further incubated in DMEM containing 10% fetal bovine serum
(FBS) in the presence of bafilomycin Al for 48 h.

Direct cell-to-cell transmission assays. HCV cell-to-cell transmis-
sion was measured as described previously (38). Briefly, Huh-7 cells
(60,000) were seeded in 24-well plates; the next day, 1,000 infected Huh7-
RFP-NLS-IPS cells were cocultured in each well. The cultures were treated
with 10 pl/ml of anti-E2 MAb 3/11 and fixed with 3% PFA at 72 h after
culture. HCV-infected acceptor cells were then visualized with the anti-
NS5A MAb 9E10 in combination with Alexa Fluor 488-conjugated don-
key anti-sheep antibody.
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RESULTS

Conservation of cysteine residues in HCV glycoprotein E1. Ki-
netic studies in cell culture indicate that HCV glycoprotein E1
slowly acquires intramolecular disulfide bonds in the presence of
HCV glycoprotein E2 (11, 39, 40, 41). E1 possesses eight cysteine
residues within its ectodomain at positions 207, 226, 229, 238,272,
281, 304, and 306, which are highly conserved in all genotypes
(Fig. 1, highlighted in magenta). Indeed, examination of 2,230
full-length E1 sequences of any genotype revealed only 36 se-
quences showing a single cysteine mutation. The frequencies of
mutation are comparable at all cysteine positions and correspond
to a single codon base mutation. The exceptional conservation of
the cysteine residues among HCV genotypes argues for a major
role of these amino acids in the functions of E1 protein. It is ex-
pected that four disulfide bonds could be formed to stabilize the
folding of E1, but due to difficulties in expressing E1 alone, these
disulfide bonds have not yet been determined. Cys 207, 304, and
306 are all located in rather hydrophilic coil regions (highlighted
in yellow in Fig. 1), while the others belong to more hydrophobic
regions (highlighted in gray), with some of them predicted to be
involved in stable secondary structures (Cys 229, 238, and 272
[Second. cons. in Fig. 1]). It is worth noting that Cys 226 and 229
are separated by 2 amino acids, as in a protein disulfide isomerase
(PDI) motif. Finally, Cys 272 and 281 belong to an enigmatic
predicted membrane binding segment (MBS) (Fig. 1) postulated
to contain a fusion peptide-like motif (9) and identified as playing
a role in the membrane fusion process (10). A synthetic peptide
spanning residues 268 to 298 encompassing the putative E1 fusion
peptide-like motif has been experimentally shown to mediate high
levels of both hemifusion and complete fusion (46).

Effects of E1 cysteine mutations on HCV infectivity. Since
disulfide bonds have not been determined in E1, we could not
precisely disrupt them by double mutation of the involved cys-
teine residues. We therefore chose to disrupt the cysteine residues
individually, which, if they were involved in a disulfide bond,
would also disrupt cysteine-cysteine interaction. To determine the
roles of the individual cysteine residues of E1 in different steps of
the HCV life cycle, we produced a complete series of mutants in
which cysteine residues were individually replaced by alanine res-
idues. In addition, to determine the potential role of the PDI-like
motif in E1, we also constructed a double mutant in the motif
(C226A-C229A). To characterize these mutants, we first mea-
sured the effects of the mutations on the production of infectious
virus. The infectivities of the generated mutant viruses were de-
termined. Supernatants of cells electroporated with mutant RNAs
were collected after 48, 72, and 96 h. A viral genome carrying a
large in-frame deletion in the E1E2 coding region (AE1E2) known
to inactivate release of viral particles and a genome containing an
inactive mutation in NS5B polymerase (GND) were used as neg-
ative controls for virus assembly and replication, respectively (32).

As shown in Fig. 2, all the mutants showed a decrease in infec-
tivity. Indeed, compared to the WT virus, the cysteine mutants
showed average log,, reductions of 2.1, 1.7, and 1.6 at 48, 72, and
96 h postelectroporation, respectively. It is worth noting that the
C226A-C229A double mutant did not show further decrease in
infectivity compared to the single mutations, suggesting that the
PDI-like motif in E1 is not essential for the HCV life cycle. The
most severe difference in infectivity between WT and E1 mutants
was observed at 48 h postelectroporation for the C207A, C226A,
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FIG 1 Sequence variability, cysteine residue conservation, and structural elements of the E1 glycoprotein. Shown are multiple alignments of E1 sequences from
representative HCV strains of confirmed genotypes (http://euhcvdb.ibep.fr/euHCVdb/) (18). Genotype and accession number (in the Genotypes column) and
strain are indicated for each sequence. Amino acids are numbered with respect to the polyprotein of HCV strain H77, used as a reference (top row) (42). The
positions of conserved cysteine residues are indicated in magenta (top row). The consensus sequence (Cons. seq.) was deduced from the Clustal W multiple
alignment of the indicated E1 sequences (20). The boxes indicate the N-glycosylation sites common to all genotypes. To highlight the amino acid variability at
each position, amino acids identical to the consensus sequence are indicated by dashes. The degree of amino acid physicochemical conservation at each position
can be inferred by the similarity index according to ClustalW convention (asterisk, invariant; colon, highly similar; dot, similar) (20) and the consensus
hydropathic pattern (Hydro. pat.): o, hydrophobic position (Phe, Ile, Trp, Tyr, Leu, Val, Met, Pro, or Cys); n, neutral position (Gly, Ala, Thr, or Ser); i,
hydrophilic position (Lys, Gln, Asn, His, Glu, Asp, or Arg); v, variable position (i.e., when both hydrophobic and hydrophilic residues are observed at a given
position). To highlight the variable sequence positions in E1, conserved hydrophilic and hydrophobic positions are highlighted in yellow and gray, respectively.
The fully conserved cysteine positions are highlighted in magenta. Polar and positively and negatively charged residues are color coded in orange, blue, and red,
respectively. Cysteine residues are in green, and all other residues are in black. For Second. cons. (bottom row), consensus secondary-structure predictions of E1
from representative HCV strains are indicated as helical (h; blue), extended (e; red), or undetermined (coil [c]; orange). Predictions were made by using the
Web-based algorithms SOPM, HNN, DSC, GOR 1V, PHD, Predator, and SIMPA96, available at the NPSA website (http://npsa-pbil.ibcp.fr; reference 19 and
references therein). NMR pep. Struct. (bottom row) reports the conformation of residues observed in the corresponding synthetic peptides analyzed by nuclear
magnetic resonance (NMR). E1 peptide 314 to 342 are highlighted in green (45) (Protein Data Bank [PDB] entry 2KNU), and E1 peptide 350 to 369 are
highlighted in violet (43) (PDB entry IEMZ). Residue conformations are indicated as helical (H), 3/10 helix (G), turn (T), or undetermined (C). Flexible residue
regions (indicated as “D” in the bottom row) were predicted using PROFbval software (44). MBS, consensus membrane binding segments predicted by the
available Web-based algorithms DAS, HMMTOP, TMpred, TMHMM, TopPred, and SOSUI. Heptad repeat, weakly conserved heptad repeat region (9).
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FIG 2 Effects of E1 cysteine mutations on HCV infectivity. Huh-7 cells were
electroporated with viral RNA transcribed from different JFH1-derived mu-
tants. At 48, 72, and 96 h postelectroporation, the infectivity of the superna-
tants was determined by titration. The error bars indicate standard errors of
the mean (SEM) from at least three independent experiments. The dashed line
indicates the detection limit of the assay.

C229A, C226A-C229A, C238A, C272A, and C281A mutants (Fig.
2), indicating some delay in the production and/or secretion of
infectious particles. The most dramatic effect was observed for the
C226A and C272A mutants, for which no infectivity was observed
at 48 h postelectroporation. However, the levels of infectivity of
these two mutants were similar to those of the other mutants at 72
and 96 h postelectroporation. It is also worth noting that the
C304A and C306A viruses were the least affected mutants, since
they showed the highest infectivity at 48 h postelectroporation.

It has been shown previously that significant amounts of infec-
tious virions are present inside infected cells and that they can be
recovered by several freeze-thaw cycles (47). Thus, in order to
study the effects of cysteine mutations on the secretion of viral
particles, we tried to investigate the intracellular infectivity of the
mutated viruses. To our surprise, the infectivity of the mutated
viruses was totally lost after a single freeze-thaw cycle, and viral
stocks kept at —80°C lost their ability to infect naive Huh-7 cells.
Therefore, infectivity could be recovered only upon using fresh
unfrozen stocks of virus. This observation suggests that disulfide
bonds in E1 stabilize the structures of the envelope proteins asso-
ciated with HCV particles.

Altogether, our results indicate that mutations of cysteine res-
idues in E1 affect the viral titers of released particles. However,
these residues are not essential for viral infectivity, since in con-
trast to E2 mutants (12), none of the E1 mutants were dead.
Rather, they contribute to the stability of the structures of HCV
envelope proteins associated with HCV particles.

Mutations of cysteine residues in E1 reduce HCV particle sta-
bility. Since we noticed that the infectivity of the mutants was lost
after a single freeze-thaw cycle, we further investigated the stability
of these viruses at 37°C. Virus stocks were kept at 37°C, and at
designated time points (0, 6, 12, 24, 48, and 96 h), aliquots were
removed and infectivity was measured. For each mutant, the half-
life (¢,,,) was calculated after fitting the data to the most appropri-
ate linear regression model (R* = 0.99) (Table 1). As shown in Fig.
3, all the mutants were found to be less stable than the WT. We
noticed that infectivity decreased more sharply between 12 and 24
h, and it was completely lost at day 4.
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Mutations of cysteine residues in E1 affect the assembly of
the HCV particle. Although HCV particle stability is affected by
cysteine mutations, this does not by itself explain the low infec-
tious titers recovered after electroporation (Fig. 2 and 3). We
therefore anticipated that the reduced infectivity could rather be
due to a defect in viral secretion or to the release of noninfectious
particles. To study the effects of our cysteine mutations on the
secretion of viral particles, we compared the amounts of intracel-
lular and extracellular infectious viruses produced upon transfec-
tion of Huh-7 cells with our mutants. However, since we could not
freeze our mutants, we mechanically lysed infected cells with a
Dounce homogenizer to harvest intracellular virus. We then com-
pared the amounts of intracellular and extracellular infectious vi-
ruses produced upon transfection of Huh-7 cells with our mu-
tants. As shown in Fig. 4A, there was no increase in intracellular
infectivity for the mutants, indicating that the mutations had no
effect on the efficiency of virion release but rather affected viral
particle assembly or specific infectivity.

To distinguish between these two possibilities, we monitored
the release of HCV core into the supernatant of electroporated
cells using a fully automated chemiluminescent microparticle im-
munoassay as described previously (35, 36). In parallel, core pro-
tein was also quantified in cell lysates to verify the potential effects
of the mutations on genomic replication. As shown in Fig. 4B, for
all the cysteine mutants, the level of core protein expression was
similar to that of the WT, indicating that the mutations did not
affect HCV genomic replication. In contrast, the quantity of core
protein in supernatants decreased drastically compared to the WT
(Fig. 4C), paralleling the decrease in infectivity (Fig. 2). Together
with the observation that there is no effect on virus release, these
data indicate that mutations of cysteine residues in E1 affect the
assembly of HCV particles. However, specific infectivities re-
mained lower for the mutants after normalizing them to the
amount of secreted core protein (Fig. 4D), indicating that the
entry functions of HCV particles were also reduced when cysteine
residues were mutated in E1. This could suggest that the fusion
properties of HCV envelope proteins are less optimal in the con-
text of our mutations.

Mutations of cysteine residues in E1 do not affect E1E2 het-
erodimerization. Since HCV envelope glycoprotein subunits co-
operate during their folding for the formation of E1E2 het-
erodimer (17, 39, 48), we wanted to determine whether our
mutants affect the formation of the E1E2 heterodimer, which is
the functional HCV glycoprotein unit in infected cells (6). We first

TABLE 1 Half-lives of E1 cysteine mutants at 37°C

Strain Half-life (h) SEM
WT 25.6 3.06
C207A 11.3 2.74
C226A 12.7 2.79
C229A 12.3 3.21
C226-229A 12.7 2.79
C238A 11.8 3.83
C272A 13.8 2.83
C281A 11.5 3.29
C304A 13.3 3.66
C306A 13.3 2.74
AE1E2 0 0

GND 0 0
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FIG 3 Mutations of cysteine residues in E1 reduce HCV particle stability. (A)
Virus from 72 postelectroporation cultures was dispensed in 100-pl aliquots in
1.5-ml microcentrifuge tubes and then incubated at 37°C. At designated time
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analyzed the expression of HCV glycoproteins individually by
SDS-PAGE under reducing and nonreducing conditions to deter-
mine whether the absence of a cysteine residue in E1 can lead to
the formation of disulfide bond aggregates involving both E1 and
E2. As expected, E1 and E2 proteins could be readily detected in
cell lysates (Fig. 5). Furthermore, for all the mutants, the levels of
expression of E1 and E2 were similar to those of the WT when
analyzed under reducing conditions (Fig. 5A, Reducing). It must
be noted that a second band migrating slightly faster was observed
for the C306A mutant. Since this mutation is very close to an
N-linked glycosylation site at position 305, it is likely that the
mutation affects the glycosylation of the site and that the faster-
migrating band of the C306A mutant might correspond to an E1
glycoform lacking this glycan. It is worth noting that the addi-
tional band detected in the upper part of the gel by the anti-E1
antibody might correspond to trimers of E1, as observed previ-
ously (6). This putative trimeric E1 band disappeared in the
C272A and C281A mutants, suggesting a role for these two cys-
teine residues in stabilizing E1 homo-oligomers. Analyses of HCV
envelope glycoproteins under nonreducing conditions did not
show any increase in intermolecular disulfide bonds between
HCV envelope glycoproteins (Fig. 5A, Non-Reducing), indicating
that removal of cysteine residues in E1 does not lead to the forma-
tion of aggregates.

Although direct analyses of HCV envelope glycoproteins by
Western blotting under reducing and nonreducing conditions did
not show any major effect on the expression of HCV envelope
glycoproteins, we could not exclude additional effects that cannot
be discriminated by this type of analysis. To further analyze the
effects of these mutations on HCV glycoprotein heterodimeriza-
tion, we used the LEL of CD81, an HCV coreceptor (49), as a
probe to determine the formation of properly folded E1E2 com-
plexes in a pulldown assay. Indeed, the CD81-binding domain in
E2 is conformation sensitive (50), and interaction of E1 with
properly folded E2 protein is an indirect proof that the protein is
properly folded (40). As shown in Fig. 5B, properly folded E1E2
complexes recognized by CD81 are formed for all the mutants at
levels comparable to those of the WT. The only difference is in the
C306A mutant, for which an additional band was observed. As
discussed above, this band likely corresponds to a glycoform of E1
lacking a glycan at position 305. Together, these data indicate that
mutations of cysteine residues in E1 do not affect E1E2 het-
erodimerization.

E1 cysteine mutants do not overcome the cell entry blockade
induced by bafilomycin at acidic pH. After cell surface binding
and virus internalization into clathrin-coated pits, HCV infection
is mediated by conformational changes of the viral glycoprotein
E1E2 complex, which are triggered by low pH (51, 52). However,
in contrast to most pH-sensitive viruses, exposing HCV particles,
directly after binding to permissive cells at 4°C, to a low-pH wash
does not efficiently initiate infection. In contrast, chasing these
particles for 1 h at 37°C increases their sensitivity to low pH, which

points (0, 6, 12, 48, and 96 h), aliquots were removed and then subjected to
TCIDs, infectivity assays for virus titration. The data were fitted to the most
appropriate linear regression model (R* = 0.99). The values are the combined
data from two independent experiments; the error bars represent SEM. (B to
E) Percentages of infection at 6 (B), 12 (C), 24 (D), and 48 (E) h. Differences
were considered statistically significant if P was <0.05.
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FIG 4 Mutations of cysteine residues in E1 affect HCV assembly. (A) Effects of
E1 cysteine mutations on infectious-virus secretion. Huh-7 cells were electro-
porated, and at 72 h posttransfection, the supernatants were collected. In par-

allel, virus-producing cells were washed and mechanically lysed. Extracellular
and intracellular infectivities were determined by titration. (B and C)
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may indicate that HCV entry requires certain additional stimuli
(52) that might involve the dissociation of inter- or intramolecu-
lar disulfide bonds, as suggested previously (6). We therefore
wanted to test whether mutations of cysteine residues in E1 might
reduce the dependence on additional stimuli for low-pH-induced
fusion at the plasma membrane. To test this hypothesis, we com-
pared the responsiveness of our mutants to low-pH treatment
following the protocol described by Tscherne et al. (52). Infection
via acidified endosomes was blocked throughout these experi-
ments by treatment of target cells with bafilomycin A1, an inhib-
itor of vacuolar-type H"-ATPase. This compound inhibits endo-
somal acidification and hence inhibits cell entry of the virus
through the natural endosomal route. In our experiments, cells
were infected with HCV El cysteine mutants at 4°C for 2 h,
washed with acidic buffer, and further incubated at normal pH for
48 h. Compared to the WT, none of the mutants showed any
increase in infectivity under these conditions (Fig. 6), indicating
that cell-bound HCV mutants remain acid resistant and that, as
for WT virus, they require an additional trigger for low-pH-in-
duced infection.

E1 cysteine mutants show a defect in direct cell-to-cell trans-
mission. Following infection of Huh-7 cells with HCV, progeny
viruses can be transmitted to adjacent cells by cell-to-cell contacts,
resulting in focal areas of spreading infection (53, 54). This mode
of transmission is refractory to neutralization by anti-E2 antibod-
ies (53). To determine the effects of E1 cysteine mutations on
cell-to-cell spread, we cocultured naive Huh-7 cells with JFH1-
infected Huh7-RFP-NLS-IPS cells. The latter cells are stably trans-
duced to express a red fluorescent dye in the cytoplasm that trans-
locates into the nucleus upon HCV infection (27). This approach
allows us to easily discriminate between donor and acceptor cells,
and it rules out the possibility that clusters of infected cells are
derived from dividing donor cells rather than from spread of the
virus. In these cocultures, cells were incubated with neutralizing
MAD 3/11 to prevent cell-free infection (55). HCV acceptor cells
were visualized via immunofluorescence microscopy, and the
number of cells per focus was determined. As shown in Fig. 7, the
mean number of cells per focus was very low for E1 cysteine mu-
tants. Indeed, in the presence of MAD 3/11, on average, 68.9 ac-
ceptor cells were present per focus for the WT virus, whereas be-
tween 1 and 2 cells per focus were counted for the mutants. This
low number of cells per focus could be due in part to a defect in
particle secretion. However, higher numbers of cells per focus
were observed for the mutants in the absence of antibodies (Fig.
7A), indicating some level of particle production. Indeed, in the
absence of MAD 3/11, on average, between 7 and 12 cells per focus
were counted for the mutants, whereas on average, a mean value
of 108 acceptor cells were present per focus for the WT virus.
Although a defect in virus assembly can impact cell-to-cell trans-
mission, as well as cell-free infection, a stronger decrease in cell-to-

Mutations of cysteine residues in E1 affect the release of HCV core protein.
Huh-7 cells were electroporated with viral RNA transcribed from different
JFH1-derived mutants. At 72 h postelectroporation, the amount of intracellu-
lar core antigen was determined in cell lysates (B), as well as in supernatants
(C). The amounts of core protein in cell supernatants were divided by the
corresponding amounts in cell lysates and normalized to the WT value. (D)
Infectivity of E1 mutants after normalization of the amount of virions released
in the supernatant by measuring extracellular core protein. The error bars
indicate SEM.
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FIG 5 Mutations of cysteine residues in E1 do not affect E1E2 heterodimeriza-
tion. (A) Western blotting of HCV envelope glycoproteins. Huh-7 cells were elec-
troporated with E1 mutant viral RNA. At 72 h postelectroporation, the cells were
lysed and the proteins were separated by SDS-PAGE and analyzed by Western
blotting with MAbs A4 (anti-E1) and 3/11 (anti-E2). Shown are the reducing (top)
and nonreducing (bottom) E1 and E2 protein migration profiles. The additional
slowly migrating band detected by the anti-E1 antibody under reducing condi-
tions (arrow) likely corresponds to El trimers, as previously observed (6). The
asterisk corresponds to a small remaining part of E1 protein in the truncated
AFE1E2 virus. Also shown is the beta-tubulin content, which was analyzed to verify
that equal amounts of cell lysates had been loaded. (B) Interaction of viral envelope
glycoproteins with HCV entry factor CD81. Glutathione-Sepharose beads were
incubated with a recombinant form of hCD81 protein LEL in fusion with a GST
protein. Pulled-down E1 and E2 proteins were eluted from the beads in Laemmli
buffer, analyzed by SDS-PAGE, and revealed by Western blotting with MAbs A4
and 3/11. Molecular mass markers (in kDa) are indicated at the left.
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FIG 6 EI cysteine mutants do not overcome cell entry blockade induced by
bafilomycin Al at acidic pH. Huh-7 cells were pretreated with bafilomycin Al
(25 nM) (black bars) or not treated (gray bars) and then infected with E1
cysteine mutants along with the WT JFH1 at 4°C for 2 h. The cells were washed
to remove unbound virus and then washed with citric acid buffer, pH 7 (A) or
pH 5 (B), for 5 min at 37°C. Infected cells were further incubated in the
presence of bafilomycin Al for 48 h. The cells were then fixed, and infected
cells were counted and normalized. The values are the combined data from two
independent experiments; the error bars represent SEM.

cell transmission was observed after normalization of the data for
each mutant (Fig. 7C). Together, these data indicate that E1 cysteine
mutants show a decrease in direct cell-to-cell transmission.
Cysteine mutants in E1 are more sensitive to inhibition by
soluble CD81. Although we did not detect measurable effects of
El cysteine mutations on the formation of E1E2 heterodimer in
HCV-infected cells, we could not exclude more subtle effects on
the tridimensional structure of the glycoprotein complex present
on the surface of the viral particle. However, due to low infectious
titers, a biochemical characterization of the envelope glycopro-
teins associated with the virions was not possible for E1 cysteine
mutants. As an alternative approach, we used a functional assay
based on the sensitivity of HCV to entry inhibition by soluble
CD81-LEL. As shown in Fig. 8, all E1 cysteine mutants were more
sensitive to inhibition with CD81-LEL. Indeed, for most viruses,
the mutations led to more than 10-fold reduction of the effective
concentration required for half-maximal inhibition (EC5,) (Table
2). The most sensitive mutants were C229A, C226A-C229A, and
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FIG 7 El cysteine mutants show a defect in direct cell-to-cell transmission. (A
and B) Huh-7 cells (60,000) were seeded in 24-well plates; the next day, 1,000
infected Huh7.5 RFP-NLS-IPS cells were cocultured in each well. The cultures
were treated with 10 pg/ml of MAb 3/11 (B) or not treated (A). The cells were
fixed with PFA for 72 h. HCV-infected acceptor cells were visualized with the
anti-NS5A monoclonal antibody 9E10 in combination with Alexa Fluor 488-
conjugated donkey anti-sheep antibody. The values are the combined data
from two independent experiments. Each symbol represents the value for an
individual focus, and the short horizontal lines indicate the average number of
cells per infected focus. Twenty foci were analyzed per condition. (C) Same as
panels A and B, but the number of positive cells for each mutant with the
neutralizing 3/11 antibody was normalized to the corresponding value without
3/11 antibody. The error bars represent SEM.

C304A, with ECys 23.5, 21, and 20 times lower than that of the
WT, respectively. The less sensitive mutants were C207A and
C226A, for which the ECs,s were 1.7 and 5.9 times lower than that
of the WT, respectively. Together, these results indicate that cys-
teine mutations in E1 indirectly improve binding to CD81, al-
though the mechanism is still not clear.

Cysteine mutations in E1 can affect the density of infec-
tious viral particles. HCV is known to associate with lipopro-
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FIG 8 Cysteine mutants in E1 are more sensitive to inhibition by soluble
CD81. Inhibition experiments were performed by incubating E1 mutants
or WT virus with various concentrations of human CD81-LEL (0 to 20
ng/ml). After a 2-h incubation period at 37°C, the mixtures were put into
contact with target cells for 3 h. After 3 h of contact with virus, the cells were
further incubated for 72 h with complete medium. The cells were then
immunolabeled, and infected cells were counted. Control experiments
were conducted using murine CD81-LEL (mCD81) to investigate its effect
on two selected mutants (C207A and C272A) versus human CD81. The
data were fitted to the most appropriate linear regression model (R* =
0.99). The concentrations resulting in 50% inhibition were then deter-
mined. The values are the combined data from two independent experi-

ments; the error bars represent SEM.

teins, and this interaction is important for infectivity (reviewed in
reference 56). A classical way to measure this interplay is to ana-
lyze the sedimentation of infectious viral particles on a density
gradient (57, 58). To assess whether E1 cysteine mutations mod-
ulate the relationship of HCV with lipoproteins, we compared the
buoyant densities of WT virus and some of our mutants. Due to
the low level of infectivity of the mutants and their lower stability,
we focused our study on two of them. We chose a mutant with a
mutation of a cysteine residue located in a hydrophilic region
(C207A) and a second mutant with a mutation of a cysteine resi-
due located in a hydrophobic region (C272A) (Fig. 1). In line with
previous reports (31), infectivity peaked in a wide range of densi-
ties between 1.0 and 1.1 g/ml (Fig. 9A and B). In contrast, infec-
tivity shifted toward higher densities, with a single peak around
1.1and 1.15 g/ml for the C272A and C207A mutants, respectively.
To determine whether these changes can affect the amount of
ApoE associated with HCV particles, we tested the sensitivity of
C207A and C272A mutants to neutralization by anti-ApoE anti-
bodies. As shown in Fig. 9C, the two mutants showed the same

TABLE 2 CD81-LEL-GST concentrations resulting in 50% inhibition of
virus entry

Fold increase in sensitivity to

Strain EC5, (pg/ml) SEM inhibition by CD81-LEL
WT 4 0.61

C207A 2.33 0.13 1.7
C226A 0.68 0.03 5.9
C229A 0.17 0.01 23.5
C226A-C229A 0.19 0.01 21.1
C238A 0.31 0.02 12.9
C272A 0.27 0.01 14.8
C281A 0.33 0.01 12.1
C304A 0.20 0.01 20
C306A 0.38 0.01 10.5
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FIG 9 Cysteine mutations C207A and C272A increase the density of infec-
tious viral particles. (A and B) Separation of concentrated virus in an
iodixanol gradient. Concentrated cell-cultured HCV from WT and E1 mu-
tants C207A (A) and C272A (B) were separated by sedimentation through
a 10 to 50% iodixanol gradient. Fractions were collected from the top and
analyzed for their density, as well as infectivity, by TCIDs,. (C) Effect of
anti-ApoE antibody on the neutralization of cysteine mutants. Viruses
were incubated with various dilutions of anti-ApoE antibody. After a 2-h
incubation period at 37°C, the mixtures were put into contact with target
cells. After 3 h of contact with the virus, the cells were further incubated for
72 h with complete medium. The cells were then immunolabeled, and
infected cells were counted. The results from two independent experiments
are presented as the mean percent infectivity in comparison to a nontreated
control; the error bars represent SEM.

sensitivity to anti-ApoE neutralization as the wild-type virus. To-
gether, these data indicate that cysteine mutations in E1 can affect
the density of infectious viral particles without necessarily affect-
ing their content in ApoE.

DISCUSSION

Envelope glycoproteins are essential components of an enveloped
viral particle. Indeed, they participate in virus morphogenesis and,
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by interacting with a cell surface receptor(s) and inducing fusion
between the viral envelope and a cellular membrane, they also play
an essential role in virus entry into host cells. These multiple func-
tions are associated with dramatic conformational changes that
need to be tightly controlled in order to occur at the appropriate
location and time. Disulfide bonds are key structural elements for
the folding and functions of viral envelope proteins (12, 16). Typ-
ically, deletion of disulfide bonds in HCV glycoprotein E2 is in-
deed deleterious for folding stability and/or production of infec-
tious viral particles. Here, we mutated conserved cysteine residues
to investigate the role of disulfide bond formation in HCV glyco-
protein E1. Together with E2, this protein forms a functional com-
plex that plays a major role in HCV entry and assembly. Our
results show that E1 disulfide bonds are not essential for the pro-
duction of infectious virus. However, these mutations decreased
the efficiency of virus assembly and the stability of the virion. They
could also affect the density of infectious viral particles. Further-
more, our results indicate that disulfide bonds in E1 modulate the
sensitivity of the virion to inhibition by a soluble form of CD81.
Together, these data indicated that E1 stabilizes the structure of E2
on the surface of the HCV particle in order to optimize its assem-
bly and entry functions.

Our mutagenesis experiments identify a new function in E1
glycoprotein, which consists of modulating the entry function of
E2. This indicates that cysteine mutations in E1 indirectly modu-
late E2 glycoprotein functions. Within the HCV glycoprotein het-
erodimer, E2 is the receptor-binding subunit (reviewed in refer-
ence 7) and also likely the fusion protein (5, 59). In contrast, the
role of the E1 subunit in HCV entry remains ill defined. However,
E1 has also been shown to play a role in the fusion process (8, 9,
10). HCV has been proposed to contain a class II fusion protein
(5). In class IT viruses, the first glycoprotein acts as a chaperone for
the folding of the second one, which carries the membrane fusion
function (4). In line with this model, HCV glycoprotein E1 corre-
sponds to the companion chaperone protein, which has been con-
firmed experimentally (39). However, in the case of HCV, the
putative fusion protein, E2, also play a role in the folding stability
of the companion protein, E1 (17, 60), indicating a very close
interplay between these two proteins during their biogenesis. Fur-
thermore, in contrast to flaviviruses and alphaviruses (14), there is
no cleavage of the companion during maturation of the viral par-
ticle (6, 61), suggesting that this protein could also be involved in
virus entry. It has also been shown that E1 provides some help in
the fusion process of HCV particles (8, 9, 10). Here, we show that
the companion protein E1 can also affect E2 by potentially mod-
ulating its capacity for binding to CD81 coreceptor, although the
mechanism is still not clear. Therefore, our data identify addi-
tional functions of the companion protein in a class II virus.

Disulfide bonds in HCV envelope glycoprotein El are not es-
sential for virus infectivity. Indeed, even if they show a decrease in
infectivity, all E1 cysteine mutants are infectious. This is particu-
larly surprising since, due to their covalent nature, disulfide bonds
usually play a major role in the folding pathway and the stability of
a protein exported in the extracellular milieu. Disulfide bonds can
stabilize a protein by reducing the entropy of the unfolded state
(62). Furthermore, they can also facilitate the path to the native
state if they link parts of a protein that must come into contact
early during a folding reaction and can make unfolding less likely
if they occur in particularly labile parts of a protein (62). Lack of
particular disulfide bonds often affects the structure and functions
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of newly synthesized proteins in the ER. Indeed, they either aggre-
gate and fail to fold or they partially oxidize into species similar to
folding intermediates of the wild-type protein (63). Since the con-
formations of viral envelope glycoproteins change at different
steps of the viral life cycle, disulfide bonds within these proteins
are particularly important to keep them functional. Indeed, mu-
tagenesis of cysteine residues strongly impairs the functions of
HCV envelope glycoprotein E2 (12) and HIV envelope glycopro-
tein (16). Furthermore, in the case of influenza virus hemaggluti-
nin, all disulfide bonds have been reported to be necessary for the
protein to reach the native state (16). The conservation of infec-
tivity for E1 cysteine mutants, as also observed for another Flavi-
viridae virus, the pestivirus classical swine fever virus (64), sug-
gests a tolerance for the lack of a disulfide bond within the protein.
When expressed alone, E1 has a high tendency to form large ag-
gregates stabilized by disulfide bonds (17), suggesting that the
protein would not be tolerant of disruption of disulfide bonds.
The rather good tolerance for cysteine mutations in El is very
likely due to the costabilization role of E2 (17). In the context of
the E1E2 heterodimer, E2 stabilizes E1 folding, and disulfide
bonds, which form slowly (11), might not be essential for E1 fold-
ing. Rather, they could contribute to the stability of the protein in
the context of the HCV particle, as discussed below.

Cysteine mutations in E1 affect the assembly of viral particles.
Indeed, the quantity of core protein released from electroporated
cells decreased drastically compared to the WT, paralleling the
decrease in infectivity, which is not due to a defect in secretion, as
determined by measuring intracellular infectivity. Virion-associ-
ated E1 and E2 envelope glycoproteins form large covalent com-
plexes stabilized by disulfide bonds (6). The presence of disulfide
bonds between HCV envelope glycoproteins suggests that lateral
protein-protein interactions assisted by disulfide bond formation
might play an active role in the budding process of HCV particles.
Therefore, disruption of some cysteine residues in E1 might affect
these covalent interactions, which could affect virion assembly.
Furthermore, the decrease in stability of HCV particles observed
for E1 cysteine mutants is likely due to suboptimal intermolecular
disulfide bond formation, which can lead to some decrease in
virion stability. However, these alterations do not facilitate fusion
between the viral particle and the plasma membrane under acidic
conditions. Indeed, none of the E1 cysteine mutants could over-
come cell entry blockade induced by bafilomycin Al at acidic pH.

Cysteine mutations in E1 can affect the density of infectious
viral particles. Using C207A and C272A mutants, we found that a
single cysteine mutation in E1 can cause a shift in the density of
infectious HCV particles from a range of 1.0 to 1.1 g/ml to a single
peak at approximately 1.1 to 1.15 g/ml. HCV is known to associate
with lipoproteins, which explains the relatively heterogeneous and
low density of HCV particles (reviewed in reference 56). Changes
in virion density have been observed for viruses lacking hypervari-
able region 1 or showing a single mutation at E2 amino acid posi-
tion 451 (65, 66, 67). Here, we show that a single mutation in E1
can also similarly affect the density of the viral particle. This ob-
servation is in line with the strong interconnection between E1
and E2 subunits, as discussed above. However, it remains unclear
how HCV actually associates with lipoproteins. Together with
previously reported mutations in E2 (65, 66, 67), our observation
that a single mutation in E1 increases the density of HCV particles
suggests that the HCV glycoprotein heterodimer influences the
interplay between the HCV virion and lipids or lipoproteins.
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However, further experimental work is needed to better under-
stand the interconnection between HCV glycoprotein het-
erodimer conformation and virion density.

In conclusion, we show that disulfide bonds are not essential
for the entry function of the class Il companion glycoprotein E1 of
HCV. Rather, they contribute to the stability of the HCV envelope
glycoprotein complex at the surface of the virion. Furthermore,
our data identify additional functions of a class II companion
protein as a molecule that can control the binding capacity of the
fusion protein.
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